Abstract. We identified 480 persons with positive thick smears for asexual Plasmodium falciparum parasites, of whom 454 had positive rapid diagnostic tests (RDTs) for the histidine-rich protein 2 (HRP2) product of the hrp2 gene and 26 had negative tests. Polymerase chain reaction (PCR) amplification for the histidine-rich repeat region of that gene was negative in one-half (10/22) of false-negative specimens available, consistent with spontaneous deletion. False-negative RDTs were found only in persons with asymptomatic infections, and multiplicities of infection (MOIs) were lower in persons with false-negative RDTs (both P < 0.001). These results show that parasites that fail to produce HRP2 can cause patent bloodstream infections and false-negative RDT results. The importance of these observations is likely to increase as malaria control improves, because lower MOIs are associated with false-negative RDTs and false-negative RDTs are more frequent in persons with asymptomatic infections. These findings suggest that the use of HRP2-based RDTs should be reconsidered.
INTRODUCTION
The diagnosis of malaria is typically based on microscopy, which is economical, widely accepted in malaria-endemic areas, and generally regarded as the gold standard. 1 However, alternative rapid diagnostic tests (RDTs) have been developed for use in non-endemic countries, where skilled microscopists are less available, and endemic countries for malaria control programs. A number of the most widely used RDTs are based on detection of the histidine-rich protein 2 (HRP2) product of the Plasmodium falciparum hrp2 gene. 2, 3 Previous reports suggest that the sensitivities and specificities of these tests are 90-95% and 85-92%, respectively, relative to the thick smear. [4] [5] [6] [7] In these studies, we performed thick smears and HRP2-based RDTs on samples from 723 subjects in Mali. Specimens that produced false-negative RDT results (positive thick smear and negative RDT) were examined using polymerase chain reaction (PCR) for the histidine-rich repeat region of the hrp2 gene to determine whether the spontaneous deletion of that region was causing false-negative RDT results.
MATERIALS AND METHODS
Overview. During the malaria transmission season (July to November) in 1996, finger stick blood samples were obtained from 723 subjects. One drop of blood was used to prepare a thick smear, 2-3 drops (50 mL) were used for the HRP2 RDT, and 2-3 drops were used for filter paper blots in the three villages noted below. After approval by Institutional Review Boards in Mali and New Orleans, the protocol used for these studies was presented to the chiefs and elders of the villages of Bancoumana, Donéguébougou, and Sirakoro, the directors of the Hô pital Gabriel Touré and Hô pital Point G in Bamako, and the director of the National Blood Bank in Bamako before it was discussed with potential subjects or their parents and guardians. Informed consent was obtained before enrollment and participation in the study.
Populations studied. Finger stick blood samples were obtained from asymptomatic children 6 months to 9 years of age with positive smears for P. falciparum infection in the suburban village of Sirakoro (8 km east of Bamako) and two rural villages (Bancoumana and Donéguébougou; 60 km south and 22 km north of Bamako, respectively). Samples were also obtained from asymptomatic blood donors in Bamako (adults ! 18 years) and symptomatic subjects who presented with fever and a presumptive diagnosis of malaria at either the Hô pital Gabriel Touré (children 6 months to 9 years) or the Hô pital Point G (adults ! 18 years), which are the major pediatric and adult teaching hospitals for the University of Bamako.
Microscopy. Thick smears were stained with 3% Giemsa (Sigma, St. Louis, MO) in phosphate buffer (pH 7.0) and examined using oil immersion magnification (1,000 + ). Each slide was examined by two microscopists, who estimated the parasite density by counting the number of asexual P. falciparum parasites in fields containing 300 white blood cells and multiplying by 25 to estimate the number of P. falciparum parasites per microliter (based on an average white blood cell [WBC] count of 7,500/mL). 8 Slides were considered positive or negative after two readers examined fields containing 300 WBCs using oil immersion magnification (1,000 + ) and agreed that they were negative or within 10% (for positive slides). Slides on which there was disagreement were examined by a third senior microscopist (A.D.).
The HRP2-based RDT examined (ParaSight F; BectonDickinson, Abidjan, Cote D'Ivoire) was performed according to the manufacturer's instructions using a test strip coated with an immobilized immunoglobulin G1 (IgG1) monoclonal antibody against the central, histidine-rich repeat region of HRP2 (AHH[AHHAAD] 2 ) 12 . The 50-mL blood sample used for this testing was obtained by applying a capillary tube to the site of the finger stick. After the blood sample had been lysed, applied to the test strip, and developed using the reagents provided, the test strips were examined and interpreted by two independent observers within 2 hours.
PCR was used to amplify the histidine-rich repeat region of the hrp2 gene. Parasite DNA was extracted from filter paper blots with Chelex-100 as described previously.
9 PCR amplification was performed using primers specific for the conserved 5 0 and 3 0 regions of the hrp2 gene that flank the central histidinerich repeat region ( Figure 1 and Table 1 ). Allotype-specific primers for the polymorphic block 2 region of merozoite surface protein 1 (MSP-1) 10 and species-specific primers for ribosomal DNA 11 were used as controls for smear-positive specimens, which yielded negative results with the HRP2-based RDT to determine whether P. falciparum DNA was present and thus, exclude nonspecific inhibition of the PCR.
Data analysis. The sensitivity and specificity of HRP2-based testing were estimated based on the thick smear. McNemar's test and the Fisher's exact test were used to test for significant differences (P < 0.05).
RESULTS

Microscopy.
Microscopy was performed with 723 specimens, of which 480 (66%) were positive by thick smear. More than 80% of blood smears from asymptomatic children < 10 years of age in suburban and rural areas of Mali between July and November of 1996 were positive (477/584 ¼ 82% and 58/68 ¼ 85%, respectively) as were 53% (231/433) of smears from persons with fever and a presumptive diagnosis of malaria at both teaching hospitals (Tables 2 and 3 ). The lowest frequency of infection (21/382 ¼ 5.5%) was among asymptomatic adult blood donors (persons ! 18 years of age).
HRP2-based RDTs were performed on the same 723 specimens, of which 506 (70%) were positive. As with microscopy, more than 80% of HRP2-based RDTs were positive with specimens from asymptomatic children in suburban and rural villages (317/375 ¼ 85% and 70/73 ¼ 96%, respectively) and > 50% of specimens from persons who presented to hospitals in Bamako with fever and a clinical syndrome consistent with malaria (e.g., headache, myalgias, or arthralgias; 264/465 ¼ 57%). The lowest frequency of positive HRP2-based RDTs was in asymptomatic adults who were potential blood donors (39/267 ¼ 15%).
Sensitivity, specificity, and positive and negative predictive values for the HRP2-based RDT. Based on the thick smear, the sensitivity and specificity of the HRP2-based RDT were 95% and 79%, respectively, with positive and negative predictive values of 90% and 88% (Table 2 ). Similar estimates were obtained in relation to the thin smear: sensitivity and specificity of 95% and 70%, respectively, and positive and negative predictive values of 81% and 91%, respectively (data not shown).
Smear-positive specimens negative with the HRP2-based RDT. Of the 480 specimens with positive thick smears for P. falciparum, 26 (5%) had negative HRP2-based RDTs ( Table 2 ). Review of those 26 smears revealed that all were positive for asexual P. falciparum parasites by microscopy, which eliminated false-positive smears as an explanation. To test for the deletion of hrp2, we used PCR to amplify the histidine-rich repeat region of hrp2 ( Figure 1 and Table 1) . Negative results were obtained with the hrp2 PCR (consistent with hrp2 deletion) for 10 of 22 RDT-negative specimens available. In contrast, positive results were obtained with the hrp2 PCR for the remaining 12 smear-positive and RDTnegative specimens and 15 of 15 smear-positive and RDTpositive controls (Table 4) (P < 0.01). To exclude nonspecific inhibition of the PCR, we used allotype-specific primers for the block 2 region of msp1 and species-specific primers for parasite ribosomal DNA. 10, 11 Those results were positive for each of the 10 smear-positive specimens that were negative in the hpr2 PCR.
Parasite densities (asexual parasite counts) and HRP2-based RDT results. There were no significant differences in asexual parasite counts between smear-positive persons with false-negative RDTs (8, Parasite density and multiplicity of infection. Based on the 31 smear-positive samples for which the multiplicity of infection (MOI) was available, there was no relationship between the MOI and parasite density (P > 0.40 based on analysis of variance).
Clinical illness and false-negative HRP2-based RDT results. None of the asymptomatic smear-positive children with a false-negative HRP2-based RDT were ill (symptomatic). In contrast, none of the smear-positive symptomatic subjects studied at the Hô pital Gabriel Touré or the Hô pital Point G had a false-negative RDT (0/201 versus 26/279). These results indicate that false-negative HRP2-based RDTs are more common in persons with asymptomatic P. falciparum infection (P < 0.001).
False-negative RDT results and MOI. Three sets of allotypespecific primers for the variable block 2 region of MSP-1 were used to estimate the MOI and minimal number of parasite FIGURE 1. hrp2 PCR in subjects with positive and negative HRP2 RDTs. Lane 1: DNA molecular weight markers VI (Roche, Indianapolis, IN). Lanes 2-6: results of PCR with DNA from a thick smear-positive subject with a negative HRP2 RDT using allotypespecific primers for the block 2 region of msp1 (lanes 2-4 show one K1 amplicon and no MAD20 or Ro33 amplicons), forward and reverse primers for hrp2 (lane 5 shows the absence of hrp2 amplicons), and species-specific primers for P. falciparum ribosomal DNA (lane 6 shows an amplicon of the expected size of 206 bp). In contrast, lane 7 provides a positive control for the hrp2 PCR based on DNA from a thick smear-positive subject with a positive HRP2 RDT (same forward and reverse primers as in lane 5 and Table 1 ).
genotypes in a single specimen based on the number of amplicons obtained from samples available for testing. Each of the smear-positive specimens with a negative HRP2-based RDT and negative hrp2 PCR consistent with gene deletion was from an infection with a single parasite genotype (i.e., only one amplicon was obtained using PCR with three sets of matched primers for K1, MAD20, and Ro33 allotype parasites; mean MOI ¼ 1.00 AE 0.00 [N ¼ 12]). The K1 and RO33 block 2 allotypes of msp1 (although not MAD20) were both identified in these specimens (RO33 ¼ 7, K1 ¼ 5). In contrast, smear-positive specimens that were also RDT-positive had a higher mean MOI (2.42 AE 0.84 [N ¼ 19], P < 0.001), and MAD20 allotype parasites were present (RO33 ¼ 10, K1 ¼ 20, MAD20 ¼ 13).
DISCUSSION
Microscopy and RDT results. The high frequency of positive smears in these studies is consistent with previous studies in Mali and other regions of West Africa during the transmission season. 12 Likewise, the sensitivity and specificity estimates for the HRP2-based RDT (using thick or thin smears) are consistent with previous reports. [4] [5] [6] [7] As noted in those reports, the sensitivity of the HRP2-based RDT decreases with asexual parasite densities less than 100/mL.
Deletion of the hrp2 histidine-rich repeat region as the basis of false-negative HRP2-based RDTs. Previous reports have examined potential causes of false-positive HRP2-based RDTs (e.g., rheumatoid factor). 13 In contrast, this report examines potential causes of false-negative HRP2-based RDTs. Re-examination of the blood smears for the 26 smear-positive, RDT-negative specimens excluded falsepositive readings by microscopy. Likewise, PCR amplification with primers for the polymorphic block 2 region of msp1 and species-specific primers for P. falciparum ribosomal DNA showed that P. falciparum DNA was present (consistent with true-positive blood smears) and excluded PCR inhibitors 10, 11 as an explanation for the negative hrp2 PCR results (for the 10 smear-positive specimens with false-negative RDTs).
Previous evidence for the deletion of hrp2. Deletion of hrp2 is known to occur, especially during prolonged in vitro culture of asexual P. falciparum parasites, and it is likely related to the subtelomeric location of the hrp2 gene. 14, 15 However, before these studies were performed, we did not know whether parasites with hrp2 deletions circulated in the blood of infected humans in sub-Saharan Africa. The results presented here suggest that spontaneous hrp2 deletions occur under field conditions and that P. falciparum parasites without the histidine-rich repeat region of hrp2 or its gene product produce bloodstream infections among human subjects in sub-Saharan Africa. Although the negative PCR results could have resulted from sequence variability in the upstream and downstream regions used for the primers, that finding alone would not produce a negative RDT for HRP2. For that reason, because we are not aware of sequence variation in those regions that interfere with this PCR and because previous reports detail hrp2 deletions from Papua New Guinea 16 and Peru, 17 these results suggest that spontaneous deletions of hrp2 occur in many (perhaps most) areas with P. falciparum transmission.
Frequency of hrp2-negative P. falciparum parasites. Simultaneous infection with more than one P. falciparum parasite (genotype) is common in Mali. At the peak of the transmission season, asymptomatic children may have six to eight different parasites in their blood at the same time. Thus, the 10 smear-positive, RDT-negative, and hrp2 PCR-negative specimens provide a minimal estimate of the frequency of hrp2-negative P. falciparum parasites (10/480 ¼ 2%). This finding is because one hrp2-positive parasite in a specimen with numerous hrp2-negative parasites can produce a positive HRP2 test result. Thus, the actual frequency of HRP2-negative parasites in Mali at the time of this study may have been as high as 10-15%. In contrast, the remaining 12 specimens positive by thick smear and negative with the HRP2-based RDT were positive when tested with the hrp2 PCR. In those specimens, sequence variability may account for the negative HRP2-based RDT, with positive results on the hrp2 PCR. 18 Alternatively, HRP2 may have been internalized into the digestive vacuole in some strains rather than released into the bloodstream. 19 Conclusions and recommendations. These results confirm that hrp2 deletions occur under field conditions as well as in the laboratory [14] [15] [16] and show that P. falciparum parasites without the histidine-rich repeat region of the hrp2 gene or its HRP2 gene product produce bloodstream infection in sub-Saharan Africa. In addition, recent reports indicate that hrp2 deletions are present in both Papua New Guinea and the Amazon region of Peru 16, 17 and thus, suggest that false-negative results for RDTs based on HRP2 may also occur in those regions. However, it is not clear whether parasites without hrp2 are at a selective disadvantage or whether they are more frequent at times of intense transmission, such as the rainy season, when these studies were performed in Mali. Finally, there is the question of how this information should affect the use of RDTs based on detection of the HRP2 gene product. These results suggest that the majority of persons with P. falciparum infection are positive using HRP2-based RDTs (454/480 ¼ 95%) and thus, that HRP2-based RDTs are likely to be valuable, especially in regions where skilled microscopists are rare. However, the false-negative HRP2-based RDTs obtained for a minority (5%) of smear-positive specimens indicate that a negative test result with an RDT based on HRP2 (e.g., 3,20-26 does not exclude active bloodstream infection with asexual P. falciparum parasites. In addition, the association between false-negative RDTs and a low MOI suggests that this discrepancy may become increasingly important as malaria control becomes more effective. Based on these results, we suggest that the RDTs used to diagnose P. falciparum infection in humans should target parasite proteins thought to be essential (e.g., parasite lactic dehydrogenase) 
